Ca ratios indistinguishable from our measured modern MORB value (i.e., Ca (3.6) ϳ 0). Greenland samples, however, are very diverse ranging from Ca (3.7) ϭ 0.1 in mafic pillow lavas and felsic sheets from the Isua supracrustal belt, up to very radiogenic signatures ( Ca (3.7) ϭ 2.9) in both mafic rocks of the Akilia association and felsic TTG from the coastal Amîtsoq gneisses.
INTRODUCTION
There is little knowledge about the first billion years of Earth evolution. The scant record is stored in the oldest continental rocks, which have been the subject of extensive investigation. Evidence for the existence of continental crust up to 4.4 Ga comes from detrital zircons from the Jack Hills and Mount Narryer, Yilgarn Craton, Western Australia (Wilde et al., 2001) . However, the quartzites and conglomerates, which host these zircons, are several hundred million years younger. Today, the oldest rocks on Earth are preserved in Northwest Canada and Southwest Greenland. The ages of these provinces are much debated and range from 3.65 to 4.00 Ga (e.g., Moorbath et al., 1986; Bowring et al., 1989; Nutman et al., 1996; Bowring and Williams, 1999) . No terrestrial crustal rock nearly as old as detrital zircons has ever been found. Thus, any Hadean (Ͼ 4 Ga) crust has presumably been destroyed. This leaves the outstanding problem of recreating the history of earliest crustal growth.
Two contrasting models of crustal growth were developed some 30 years ago and these have been rigorously discussed ever since. A "steady state" model, presented by Armstrong (1968) , suggested that a volume of continental crust similar to that today was formed in a "big bang" scenario very early in Earth's history. Recycling in form of subduction was argued to have balanced the new addition of continental crust through time in this uniformitarian approach. On the contrary, Hurley and Rand (1969) suggested that the age distribution obtained by dating rocks from the continents must reflect the growth rate of the continents itself. Paradoxically, much of the subsequent discussion about the magnitude of early crustal formation has revolved around the signatures of early mantle depletion that are a corollary of the Armstrong model (e.g., Bennett et al., 1993; Bowring and Housh, 1995; Blichert-Toft et al., 1999, Bowring and Williams, 1999; Albarède et al., 2000) . Information about the pre-history of Archaean cratons themselves would provide important additional information to the debate.
The 176 Hf/ 177 Hf of individual grains from the oldest known terrestrial zircons as well as of zircons from the oldest rocks have been measured by Amelin et al. (1999 Amelin et al. ( , 2000 . Zircons have extremely low Lu/Hf ratios and therefore measured Hf isotope ratios reflect the initial Hf isotopic composition of the source. However, the inconsistent values of 176 Lu (Scherer et al., 2001; Bizzarro et al., 2003) lead to contradictory interpretation of the data. Application of one half-life (Scherer et al., 2001 ) suggests reworking of early formed but small crustal protoliths whereas using the other half-life (Bizzarro et al., 2003) , the same Hf data indicate that the oldest zircons and oldest rocks on Earth are derived from an already depleted mantle source.
Given the ambiguities of existing tracers we explore the evidence for early crustal growth using a new approach afforded by the K-Ca isotope system. Here, we present the first 40 Ca/ 44 Ca isotope data of plagioclase separates from two Archaean provinces in Greenland and Zimbabwe, to identify crustal pre-history of the crust and to try to distinguish between the "steady state" model of Armstrong (1968) and models of continuous crustal growth.
K-Ca Systematics and Early Crustal Evolution
The 40 K-40 Ca system provides temporal information on the evolution of major constituents of the continental crust. Previously Ca isotopes have been used for age determinations and granite petrogenesis DePaolo, 1982, 1989; Nelson and McCulloch, 1989; Shih et al., 1993 Shih et al., , 1994 . The radiogenic 40 Ca/ 44 Ca ratio, however, is also an excellent tracer of early crustal growth for the following reasons:
• 40 K decays with a short half-life (ϳ1.3 Gy) compared to the age of the Earth, resulting in a non-linear growth of 40 Ca with time (Fig. 1a) . As a consequence, radiogenic 40 Ca/ 44 Ca ratios can be generated in much shorter times in Archaean crust than today. A highly elevated K/Ca for a short period in the Archaean can result in extremely radiogenic Ca, unlike a similarly elevated K/Ca for the same period of time late in Earth history (Fig. 1b) . The K-Ca system should thus be more sensitive to the contributions of pre-existing crust during Archaean continental crustal growth than some traditional isotope systems, e.g., in the Sm-Nd system daughter accumulation is near constant through Earth history.
• The very low K/Ca ratio of the mantle (Ͻ 0.01; Hart and Zindler, 1986 ) results in its 40 Ca/ 44 Ca remaining effectively constant through time. This hence provides a well-defined baseline against which 40 Ca in-growth in prior crust can be clearly detected (Fig. 1a) in contrast to the Lu-Hf system (Scherer et al., 2001; Bizzarro et al., 2003) .
• K and Ca are strongly fractionated during continental crust formation. Felsic igneous rocks are characterised by K/Ca ratios over an order of magnitude greater than the mantle and so can evolve significantly radiogenic 40 Ca/ 44 Ca signatures. Therefore, Hadean prehistory of any Archaean craton can be detected if the felsic rocks yield radiogenic initial 40 Ca/ 44 Ca signatures. If most of the continental crust was formed in a very short time early in Earth's history as proposed by Armstrong (1968) , Archaean crustal rocks from all cratons of the world should consistently show a picture of elevated Ca isotope composition.
• Ca is a major constituent in plagioclase minerals, which are also characterised by low K/Ca. Analyses of plagioclase separates should therefore yield the initial 40 Ca/ 44 Ca of the sample with minimal age correction. This is a key feature, as the problem of age correction has dogged interpretation of much Archaean isotope data (e.g., Bennett et al., 1993 vs. Gruau et al., 1996 Williams, 1999 vs. Moorbath et al., 1997; Blichert-Toft et al., 1999 vs. Villa et al., 2001 ).
Most Archaean rocks show disturbance and partial resetting of many isotope systems during later tectono-metamorphic events, which indeed can also be a problem for the K-Ca isotope system. Therefore, the measured K/Ca ratio of ancient rocks may not reflect the pristine ratios, resulting in a difficulty of accurate time correction for the ingrown 40 Ca from 40 K. However, this should not affect the 40 Ca/ 44 Ca ratio of most (Hart and Zindler, 1986) ; basaltic crust (K/Ca ϭ 0.05) and continental crust (K/Ca ϭ 0.35; average crustal value taken from Rudnick and Fountain, 1995) formed 3.6 Ga ago. 1b: Four different Ca isotope evolution paths calculated using 50 Ma time intervals. Two continental crustal segments with the same K/Ca ratio of 0.35 but one formed in the Archaean and evolves to 1.5 times greater Ca values than the Proterozoic crust. The dashed lines represent two-step crustal evolution paths using two different K/Ca ratios illustrating that a high K/Ca (e.g., K/Ca ϭ 0.67) for a short period (1000 Ma) only during the Archaean results in highly radiogenic Ca. plagioclase measurements, which have low K/Ca and require minor age-correction. Nevertheless, there is the possibility that during metamorphism isotopic re-equilibration occurs and the plagioclase minerals acquires the more radiogenic signature of the host whole rock. Any discrepancy between age-corrected Ca isotopic composition of plagioclase and whole rock, however, will give an indication if the K-Ca system has been disturbed. Elevation of the 40 Ca/ 44 Ca as a result of regional metamorphic resetting can additionally be tested by measurements of mafic rocks of the same crustal segment. Reworking of pre-existing crust can be invoked to generate radiogenic Ca isotope signatures in felsic but not mafic crust. Assimilation of crustal material from an older protolith can affect the isotope ratios of highly incompatible elements in mafic samples but not major elements such as Ca.
SAMPLES
Samples from two early (-mid) Archaean cratons were chosen for analysis. A suite from southern West Greenland comprises three TTG gneisses from the coastal Godthåbsfjord area (Amîtsoq gneisses, part of the Itsaq gneiss complex), two felsic sheets within the pillow sequence as well as two metapillow basalts of the Isua supracrustal belt (ISB), and three mafic rocks from the Akilia association (Table 1) . Samples from the Zimbabwe Craton consist of four TTG gneisses from the Shabani-Mashaba area (Table 1 ). Most samples have been previously investigated for geochemistry and several isotope systems (Rb-Sr, Th-U-Pb, Sm-Nd; Re-Os, e.g., Black et al., 1971; Moorbath et al., 1972 Moorbath et al., , 1973 Moorbath et al., , 1975 Moorbath et al., , 1976 Moorbath et al., , 1977a Moorbath et al., , 1977b Moorbath et al., , 1986 Baadsgaard, 1973; Hawkesworth et al., 1975; Taylor et al., 1984 Taylor et al., , 1991 Baadsgaard et al., 1986a Baadsgaard et al., , 1986b Bennett et al., 1993; Luais and Hawkesworth, 1994; Whitehouse et al., 1999; Frei et al., 1999 Frei et al., , 2002 Frei et al., , 2004 Kamber, 2002, 2003; Frei and Jensen, 2003) .
Whole rock Rb-Sr, Sm-Nd and Pb-Pb analyses all point to an intrusion age of ϳ3.65 Ga for the Amîtsoq gneisses (Greenland). However, the fact that some of these rocks (e.g., 110999) contain older zircons, up to 3.85 Ga, has led to a continuing debate as to whether these older zircons are inherited or truly reflect the intrusion age (Bennett et al., 1993; Nutman et al., 1996; Whitehouse et al., 1999) . The age of the Akilia association is also controversial (3.7 Ga vs. Ͼ3.85 Ga; Schiøtte and Compston, 1990; Nutman et al., 1997a; Myers and Crowley, 2000) but the rocks are definitively older than the surrounding Amîtsoq gneisses (McGregor and Mason, 1977) . The deposition of the volcanic and chemical-sedimentary rocks of the ISB, on the other hand, is comparatively well defined and took place at 3.71 Ga and at 3.81 Ga for some lithologies (Moorbath et al., 1973; Nutman et al., 1997b; Blichert-Toft et al., 1999; Frei et al., 1999; Villa et al., 2001) .
A detailed geochronological description of the Zimbabwe Craton has been given by Taylor et al. (1991) . The oldest rocks intruded at ϳ3.6 Ga and are exposed in the Shabani-Mashaba area north of the Belingwe Greenstone Belt (Hawkesworth et al., 1975; Moorbath et al., 1977b) . The selected TTG are mostly tonalitic banded gneisses characterised by low Rb concentrations and only slightly evolved Sr isotopic compositions ( 87 Sr/ 86 Sr i ϳ 0.700) as well as Nd values of around 0.8 (Moorbath et al., 1976 (Moorbath et al., , 1977b . The Greenland samples underwent widespread early Archaean granulite facies metamorphism around 3.6 Ga and one late Archaean upper amphibolite facies metamorphism approximately at 2.7 Ga (e.g., Black et al., 1971; Pankhurst et al., 1973a; Griffin et al., 1980; Nutman et al., 1996; Whitehouse et al., 1999; Frei et al., 2002) . The oldest rocks of the Zimbabwe Craton are affected by several stages of younger intrusions and crustal reworking between 2.8 and 2.6 Ga (Hawkesworth et al. 1975; Moorbath et al., 1977b Moorbath et al., , 1986 Hickman, 1978) .
ANALYTICAL METHODS
Whole rock analyses were made on splits of existing powders. Plagioclase separates were prepared by hand picking from a stained, density separated bulk feldspar fraction. Chemical procedures were modified after Nägler and Villa (2000) . Subboiled distilled acids were used exclusively. ϳ0.1 mg of handpicked plagioclase and Ն1.5 mg whole rock powder were digested in a hot HF-HNO 3 mixture (4:1) in Savillex screw-top beakers followed by a hot concentrated HCl attack. The chemical separation of Ca was performed using 1 mL teflon columns loaded with cleaned Dowex 50W-8X cation exchange resin. Samples were loaded in 1 mL Ͼ8M HBr, and washed with further 4 mL Ͼ8M HBr to elute the alkalis, Mg, Mn and Al. Ca is collected in 4 mL 5M HBr and subsequently evaporated. In a second clean-up column Ca is separated from Fe and Ti as well as traces of the other elements (Sr and the HREE) using 5 mL 2M HCl and Ca is finally collected in 3 mL 4M HCl.
Measurement of Ca isotopes poses some significant mass-spectrometric problems: i) large dispersion of isotopes of interest, making simultaneous collection difficult (Fletcher et al., 1997a) ; ii) large ratios requiring high dynamic range ( 40 Ca/ 44 Ca ϳ47, 40 Ca/ 42 Ca ϳ151); iii) small radiogenic component in overall 40 Ca signal requiring accurate measurements to resolve variations. Measurements in this study were made on a ThermoFinnigan Triton, thermal ionisation mass-spectrometer (TIMS), which has specifications well suited to tackling the measurement of Ca isotopes. The 10 11 ohm feedback amplifiers have a 50V range, allowing the major 40 Ca beam to be measured simultaneously with sufficiently intense 42 Ca and 44 Ca signals. The Triton permits simultaneous measurement of isotopes over a 15% mass dispersion whilst maintaining good peak shapes. Thus all the Ca isotopes of interest could be analysed in a single "static" measurement.
Each sample yielded some 2-20 g of Ca, which was subsequently dissolved in 2 L of 0.2M HNO 3 and loaded onto degassed zone refined Re-filaments, as part of a double Re filament assemblage. A stable ion beam was usually reached at a temperature ranging from 1605 to 1630°C, which corresponds to a current of 3.2 to 3.9 A for the ionisation filament. The current of the evaporation filament ranged from 1.4 to 1.8 A. 20 g Ca yielded a 40 Ca signal of Ն20V at this temperature and even the less abundant isotope 43 Ca exceeds 30 to 40 mV. Analyses comprise Ն20 blocks of 10 cycles, with an aim of attaining a standard error of better than 0.002%. The settings of the mass spectrometer include integration times of 8.4s, idle times of 3s, 1 min baseline measurements before each block and lens focus every fifth block as well as amplifier rotation (to remove differential electronic gain between Faraday cups). An interference correction for 40 K on 40 Ca is made measuring 41 K and assuming a 41 K/ 40 K ratio of 575.8, but the magnitude of this correction is generally less than 2 ppm. The measured 40 Ca/ 44 Ca ratios were corrected for fractionation using the 42 Ca/ 44 Ca ratio of 0.31221 and an exponential law (Russell et al., 1978; Hart and Zindler, 1989) . Typically samples show a smooth variation of 42 Ca/ 44 Ca during analysis from 0.315-0.313.
During the time of analyses the internal precision was better than 0.5 Ca and reproducibility around 1 Ca (SRM 915a: 47.1604 Ϯ 0.0043; 92 ppm 2 stdev., n ϭ 19). However, in a later stage of analysis, samples could be reproduced to Ͻ0.5 Ca once an optimal experimental procedure has been established and minor changes in chemistry and loading techniques ceased.
The K and Ca contents in plagioclase and whole rocks were mea-167 Ca isotope fingerprints of early crust-mantle evolution taken from Moorboth et al., (1972) ; Luais and Hawkesworth (1994) and Frei et al., (2002) § ϭfrac. corrected using 42 Ca/ 44 Ca ϭ 0.31221 (Russell et al., 1978 ) * ϭ propagated standard error of n replicate measurements, if n ϭ 1: 2 external reproducibility (standard deviation of SRM 915a)°ϭ calculated using MORB glass PH78-2 as reference. 40 Ca/ 44 Ca ϭ 47.1550 Ϯ 11 ** ϭ measured using ICP-AES, GeoPT3(YG-1): K ϭ 3.913%, Ca ϭ 0.735% # ϭ age corrected values n ϭ number of measurements fsp ϭ feldspar fraction and stained and picked piagioclase fraction, WR ϭ whole rock 168 K. Kreissig and T. Elliott sured by ICP-AES but using different sample splits to those analysed for Ca isotope ratios. The Yewrangara Granite YG-1 (GeoPT3) has been taken as a rock standard and the measured K and Ca concentrations deviate by 7% from the mean of 67 and 65 analyses, respectively (Thompson et al., 1999) . However, the K/Ca ratio differs by only 0.2%. The measured K/Ca ratios were used for correction of ingrown 40 Ca from 40 K.
RESULTS
Feldspar and whole rock data are presented in Figures 2, 3 Ca ϭ 47.1550 Ϯ 0.0011 (20 ppm 2 stdev.; n ϭ 2) of sample PH78 -2 (Niu et al., 1999) . As mentioned earlier, ingrowth of 40 Ca at the low K/Ca of the mantle over Earth history is small compared to analytical error (Fig. 1a) , and so this present day value serves as an appropriate mantle reference for all samples.
Our crustal samples are corrected for the K decay since their formation using the total K decay constant of ϭ 0.5543 Gy Ϫ1 (Steiger and Jäger, 1977) and the recently determined branching ratio of 0.8933 (Nägler and Villa, 2000) . Ages of 3.65 Gy and 3.57 Gy (Hawkesworth et al., 1975; Moorbath et al., 1977b) were taken for Greenland and Zimbabwe TTG gneisses, respectively. Nevertheless, due to small K/Ca ratios of the plagioclase minerals, an age difference of 150 Ma (e.g., 3.8 Ga as formation age for the Amîtsoq gneisses proposed by Nutman et al., 1996 Nutman et al., , 1999 would decrease the 40 Ca/ 44 Ca of the plagioclase separates by less than 0.1 Ca (with the exception of sample 125540 which would show a ⌬ Ca ϭ 0.4, however, this sample yields straightforward ϳ3.65Ga ion-microprobe zircon ages: Whitehouse et al., 1999) . The three mafic rocks from the Akilia association as well as the four samples from the ISB are corrected using the age of 3.7 Ga and 3.71 Ga, respectively (e.g., Nutman et al., 1997b; Frei et al., 1999 Frei et al., , 2002 .
Age-corrected Ca values of the plagioclases of the Zimbabwe TTG gneisses range from Ϫ0.1 to 1.7, with three of the four in error of mantle values (Fig. 2) . Reassuringly two metabasalts from ISB yield values of Ca ϭ 0.5 within error of the mantle. The Ca isotopic composition of the two felsic sheets within the metabasalts from the ISB also yields Ca isotope ratios indistinguishable from the mantle. In contrast, plagioclases from the coastal Amîtsoq gneisses (Greenland) yield radiogenic initial Ca with values ranging from 1.3 to 2.9. Furthermore, the mafic samples from the Akilia association (Greenland) have plagioclases with Ca (1.6 -2.5) as radiogenic as the Amîtsoq gneisses (Fig. 2) .
Thus, 3 of 5 analysed plagioclase separates of felsic rocks from Greenland are characterised by radiogenic Ca isotope ratios in contrast to 1 in 4 from the Zimbabwe TTG gneisses. It is notable that some of those plagioclase separates have higher K/Ca than anticipated and so require a larger age correction than is ideal (Table 1 ). Yet the distinction between mostly radiogenic Greenland plagioclases and Zimbabwean samples with 40 Ca/ 44 Ca as low as mantle values remains even if only the lowest K/Ca plagioclases are considered. Perhaps the most striking observation, however, is that the mafic samples from the Akilia association (Greenland) also have significantly radiogenic plagioclases.
DISCUSSION
Two end member models of bulk crustal Ca isotope evolution, "steady-state" (e.g., Armstrong, 1981 ; grey line) and continuous growth (e.g., Taylor and McLennan, 1985 ; black line), are illustrated in Figure 3 . The two models predict very different Ca isotopic evolution paths for the continental crust. The age-corrected Ca isotope data of the plagioclase separates from Figure 2 are plotted for comparison. The initial Ca values for the majority of our Zimbabwe samples are clearly inconsistent with the "steady state" model. The Greenland case is more Fig. 2 . Age-corrected Ca isotope data of plagioclase separates. Analysed rocks are three coastal Amîtsoq TTG gneisses from the Itsaq Gneiss Complex and two felsic sheets within the Isua supracrustal belt-ISB (circles), three metagabbros from the Akilia association and two metabasalts from the ISB (triangles) sampled in Greenland (filled symbols) as well as four TTG gneisses from the Shabani-Mashaba area in Zimbabwe (open symbols). The error bars reflect 1 reproducibility of n measurements (Table 1 ) and the shaded area the 2 external reproducibility of 1 Ca around our measured mantle value.
complex. Initial Ca in the Greenland plagioclases scatter from mantle values up to values even higher than predicted by a "steady state" model. Indeed the Ca (t) of some Greenland plagioclases are as high or higher than one of the extreme closed system evolution paths of putative crustal segments that have existed since the beginning of Earth History (Fig. 3) . As stressed above, a striking and important additional observation is that the mafic rocks from the Akilia association show radiogenic Ca signatures comparable to the Amîtsoq TTG gneisses. The Ca isotopic compositions of the mafic Akilia enclaves must have been disturbed to reach such elevated ratios. Likewise the scatter of the other Greenland samples can potentially be attributed to disturbance during later tectono-metamorphic events. Even if some of the radiogenic initial Ca ratios in the Greenland samples were attributable to signs of a component of Hadean crust, the Armstrong model requires large volumes of crustal reworking. Thus radiogenic Ca isotope signature should also be present in the rocks of the Zimbabwe craton, which is not the case for most of the analysed samples. Therefore we find little support for a "steady state" model of crustal evolution in this study.
Metamorphic Overprint
To investigate further possible disturbance of the K-Ca system, age-corrected Ca of plagioclase and corresponding whole rock can be compared (Fig. 4 ). An undisturbed sample must have concordant age-corrected plagioclase and whole rock 40 Ca/ 44 Ca, although this condition is not sufficient to guarantee closed system behaviour. As can clearly be seen from Figure 4 , above all the Amîtsoq gneisses as well as the mafics from the Akilia association (Greenland) show the largest degree of disturbance. The Ca isotope ratios of all the plagioclases from the mafic Akilia enclaves are more radiogenic than mantle values and some substantially so. In these mafic rocks, remobilisation of large proportions of pre-existing silicic crust cannot be invoked to account for such radiogenic values. The samples from the Akilia association thus provide an important indication of how metamorphism can perturb Ca isotope systematics.
To understand the implications of metamorphic disturbance of the Ca isotope system it is necessary to consider the diffusivity of Ca. Shi et al., (1994) pointed out that Ca diffusion in lunar granites is by a factor of ten slower than Sr diffusion. In contrast Fletcher et al., (1997b) report that the diffusion coefficient of Ca in micas is about an order of magnitude higher than that of Sr. Although imperfect, Sr diffusion can be used as an analog for Ca. The diffusion coefficients of Sr are low in plagioclase minerals even at temperatures exceeding 700°C (Ͻ10 Ϫ16 cm 2 /s; Cherniak and Watson, 1994; Giletti and Casserly, 1994) . A high temperature thermal event must have lasted for ϳ300 of million years to reach Sr isotopic equilibrium between plagioclase and whole rock in a coarse grained rock (feldspar crystals ϳ1 cm 3 in size). Pure Ca diffusion thus seems unlikely to account for the radiogenic signatures in the measured plagioclase minerals.
Recrystallisation of the plagioclase minerals, however, could be a process during which plagioclases exchange their Ca isotopes with surrounding high K/Ca whole rock during later high temperature metamorphism. In Southwest Greenland such an event was last recognised at 2.7 Ga. This in turn implies that the radiogenic Ca isotope signatures documented in the plagioclases of the mafic Akilia enclaves were present at 2.7 Ga (Fig. 5) , presumablyas a result of 40 Ca ingrowth since extensive K metasomatism at ϳ3.6 Ga Rosing et al., 1996; Frei et al., 1999; Fedo and Whitehouse, 2002) . The 2.7 Ga metamorphic event plausibly reduced the K/Ca ratio of the whole rock, due to biotite dehydration, 'freezing' in this radio- genic signature in both whole rock and plagioclase (e.g., SM/ GR/97/17, Fig. 4 ). This scenario is sketched in Figure 5 . In addition, the rocks on Akilia island and the surrounding area were subjected to two younger thermal events, one episode during the intrusion of the nearby Qôrqut granite around 2.55 Ga (Baadsgaard, 1976; Brown et al., 1981; Moorbath et al., 1981) and another between 1.7 and 1.6 Ga during which the biotites lost significant amounts of radiogenic Sr (Pankhurst et al., 1973b) . It is probable that the rocks also lost radiogenic Ca together with Sr. This process helps to explain why the whole rock Ca isotopic compositions of samples SM/GR/97/4 and SM/GR/97/12 are not more radiogenic than the plagioclases (Fig. 4a) .
As is clearly evident from the mafic samples of the Akilia association, elevated Ca from low K/Ca plagioclase is thus not necessarily indicative of prior crustal history but may reflect secondary metamorphic and/or metasomatic disturbance. We now further consider the Archaean TTG gneiss suites studied, in which the role of a prior crustal history is possible but from the analysis above, not required.
Vestiges of Hadean Crust?
The Zimbabwean case is relatively straight-forward. All but one Zimbabwe TTG are characterised by mantle-like initial Ca , which can be readily explained as the signature of juvenile crustal material, extracted from the mantle at a similar time or only shortly before its recorded crustal age (Fig. 2, 4b) . Interestingly, some of the samples with mantle like plagioclase Ca yield negative values of whole rock Ca (t). This clearly points to an over-correction in the whole rock because during crustal formation K is strongly fractionated from Ca, such that crustal K/Ca ratios are invariably higher than the mantle (Fig. 5) . Thus crustal Ca values cannot be less radiogenic than the mantle and the negative Ca (t) for the Zimbabwe samples thus points to the effects of other processes. A likely process is recent K gain. The anomalously radiogenic Ca (t) plagioclase of sample (ZB89-64) could reflect incorporation of pre-existing crust into this sample. Yet the systematics are similar to those of the gabbro sample (SM/GR/97/17), in which the radiogenic plagioclase is explained as an open system signature. Ca isotope equilibration between whole rock and plagioclase in a later metamorphic event (also ϳ2.7 Ga in Zimbabwe) can impart the early isotopic evolution of a high K/Ca TTG to the low K/Ca plagioclase. In the case of this TTG (ZB89-64) the whole rock continued to evolve its 40 Ca after metamorphism, in contrast to the mafic Akilia enclave samples, which apparently lost the radiogenic 40 Ca/ 44 Ca from their biotites (Fig. 5 ) in a subsequent metamorphic event.
The radiogenic plagioclases ( Ca (t) up to 3) from the Greenland TTG gneisses potentially implicate contributions from pre-existing, Hadean crust. However, it is difficult to distinguish such a primary signature from a metamorphic overprint as discussed above. Greenland shows some of the oldest rocks on Earth and is the only documented location of 142 Nd anomalies (Harper and Jacobsen, 1992; Boyet et al., 2003; Caro et al., 2003a Caro et al., , 2003b Caro et al., , 2004 Sharma, 2003; Sharma and Chen, 2004) . These factors point to an ancient protolith and might suggest some of the high initial Ca reflect incorporation of ancient material in some samples. Yet in the Greenland mafics and Zimbabwe TTG gneisses, it has been highlighted how such signatures may reflect secondary metamorphic events in sam- Fig. 5 . Schematic Ca vs. time diagrams illustrating the effect of metamorphism and/or metasomatism to the age-corrected Ca values. Basaltic crust formed at 3.7 Ga underwent K-metasomatism at 3.6 Ga. It evolves with enriched K/Ca along line I. During a high-grade metamorphic event the rock loses K (biotite dehydration) and plagioclase inherits the evolved Ca isotopic composition of the whole rock (isotopic exchange). Age-correction using measured low K/Ca will lead to initial values, which are too high (line III). Recent K-gain can yield a variety of age-corrected initials including meaningless negative values. (Fig. 6a) . Since feldspars have both low K/Ca and U/Pb, a metamorphic overprint should make both Pb and Ca isotope ratios more radiogenic. Hence, the correlation in Figure 6a may be interpreted as a result of different amounts of metamorphic resetting. The isotope ratios of the least radiogenic sample, 125540, should most closely approach primary values. Indeed, the feldspar separate of sample 125540 contains some of the least radiogenic terrestrial silicate Pb ever reported and plots close to the Pb mantle evolution curve of Kramers and Tolstikhin (1997) at 3.66 Ga. Ion-microprobe U-Th-Pb data of zircons from this sample are relatively straight-forward, with no evidence for inherited cores and give an age of 3.65Ga (Whitehouse et al., 1999) with the Pb model age. Therefore, the Pb and by inference Ca isotope ratios of the feldspars of this sample appear negligibly disturbed. Its slightly radiogenic Ca isotopic composition, Ca ϭ 1.3 thus hints at a contribution of pre-existing crust in this sample.
The most radiogenic sample in Pb and Ca is sample 110999, first cited by Kinny (1986) to contain zircons older than 3.8 Ga. Indeed cathodoluminescence imaging reveals highly complex zircon crystallisation history showing 3.8 Ga old cores and 3.67 Ga old inner rims, both interpreted as being magmatic. Two kinds of metamorphic rims are also recognised, one dated at Ն3.74 Ga and the other between 2.6 and 2.7 Ga (Whitehouse et al., 1999) . Such evidence of later disturbance provides further support for our interpretation of highly radiogenic 40 Ca/ 44 Ca as result of plagioclase recrystallisation and inheritance of radiogenic 40 Ca/ 44 Ca. The high temperature metamorphic event at around 2.7 Ga must have caused also K loss of the whole rock, presumably by mica dehydration, to explain the highly radiogenic age-correct whole rock Ca .
The Rb/Sr isotope system is chemically very similar to K/Ca. Therefore, it is perhaps surprising that there is a strong negative correlation (r 2 ϭ 0.998) between measured 87 Sr/ 86 Sr (largely a function of the whole rock Rb/Sr) of the three coastal Amîtsoq gneisses (Moorbath et al., 1972) and the age-corrected Ca of the plagioclase separates (Fig. 6b) Sr. Yet the plagioclase remained close to closed system and preserved the initial Ca (and probably Sr) isotopic composition of its source. Sample 110999 on the other hand, is strongly influenced by high temperature metamorphic overprint (see above) causing plagioclase recrystallisation and biotite dehydration. Therefore, the rock lost K and Rb yielding the least radiogenic Sr isotopic composition but the plagioclases reveal the inherited radiogenic Ca . Sample 125519 has also experienced Ca isotope resetting and K-Rb loss due to its high Ca (t) of 1.8. Besides, it has been clearly gained K and probably Rb because the whole rock is widely over-corrected ( Ca (t) ϭ Ϫ3.7). This gain must have happened during the Proterozoic to allow substantial 87 Sr ingrowth but little effect on the 40 Ca/ 44 Ca.
The empiric identification of Ca isotopic resetting of plagioclase is disappointing in the context of the original aim of this study. The apparent complete resetting of the Ca isotopic system in plagioclase, despite very low diffusion coefficients, however, highlights the difficulty of interpreting original signatures in Archaean rocks. Nevertheless, this study shows that in both Greenland and Zimbabwe there are TTG gneisses that clearly have juvenile initial Ca . Samples with mantle signatures are well defined in the Ca system, given the lack of age correction required in most plagioclases and the negligibly evolving mantle baseline. Interpretation of elevated 40 Ca/ 44 Ca transpires to be problematic due to the potential effects of metamorphic disturbance. Thus an important potential use of the Ca system is to identify juvenile crustal samples that clearly remained undisturbed by subsequent processes. This is a significant independent constraint in interpreting other radiogenic isotope signatures. Notably for the generally little disturbed Zimbabwe samples initial Nd (t) are ϳ0.8 (Moorbath et al., 1986) . The supplementary Ca isotope data suggests this a likely and reliable estimate for the mantle Nd isotopic composition of the time and is in good agreement with findings of Nägler and Kramers (1998) . The complexity of the Ca isotopic systematics of some Greenland samples, however, underscores the difficulty in interpreting mantle Nd from this locality (Bennett et al., 1993; Gruau et al., 1996; Moorbath et al., 1997; Bennett and Nutman, 1998; Frei et al., 2002) .
CONCLUSIONS
Ca isotope ratios have the potential to distinguish between end member scenarios of crustal evolution. Unradiogenic mantle-like Ca values from Zimbabwe TTG leaves the 'steady state' model of continental growth (Armstrong, 1968) unsupported, which would predict the presence of contributions of Hadean crust in all Archaean cratons.
This study highlights that despite low Ca diffusion coefficients in low K/Ca plagioclase, initial Ca isotopic ratios can be perturbed to significantly radiogenic values by subsequent high temperature metamorphism. This complicates the application of radiogenic Ca isotope measurements in determining early continental growth. In conjunction with Pb and Sr isotope data, however, the results indicate that some felsic crust in Greenland reflects a Hadean prehistory with a source composition Ca (3.65) around 1. In contrast, felsic sheets from the Isua supracrustal belt represent juvenile crust.
Early Archaean TTG (ϳ3.6 Ga) from Zimbabwe dominantly show initial Ca in plagioclases within error of the mantle, which is well defined in the K-Ca system. Thus these samples appear to have been little disturbed by major subsequent metamorphism. Consequently the initial Nd of these samples of around 0.8 should provide a reliable record of mantle isotopic values at this time.
